Abstract. Rat cauda epididymal spermatozoa treated with α-chlorohydrin at concentrations of 0, 0.01, 0.1, and 1.0 under conditions that support in vitro fertilization were used to evaluate the effects of acrosomal status and sperm motility in predicting their fertilizing capacity. Acrosomal status was assessed by fluorescein isothiocyanate-conjugated concanavalin A (FITC-ConA) lectin assay in combination with supravital stain using calcein acetoxy methyl ester (CAM) and ethidium homodimer-1 (EthD-1) at 1, 3, and 5 h of incubation. Sperm motility was also examined with a computer assisted sperm analysis (CASA) system at the same time points as acrosomal status. The movement of spermatozoa treated with α-chlorohydrin at 0.01 mM was similar to the control spermatozoa over 5 h of incubation. The 0.1 mM treated spermatozoa showed progressive movement at 1 h of incubation, and low vigorous movement was seen after 3 h of incubation. The 1.0 mM treated spermatozoa showed low progression and low vigorous movement over 5 h of incubation. The FITCConA patterns of rat spermatozoa undergoing acrosome reaction were marked by the appearance of bright green fluorescence from the acrosomal region on their head, and were clearly distinguished from the degenerative acrosome loss in dead sperm. A time-related increase in the percentage of live acrosome lost sperm was observed in the control and 0.01 mM α-chlorohydrin treated groups, but a low percentage and no time-related increase in live acrosome lost sperm without degenerative acrosome loss in dead sperm were observed in the 0.1 and 1.0 mM treated groups. On the basis of these results, rat spermatozoa labeled with FITC-ConA combined with CAM and EthD-1 can have their acrosomal status clearly distinguished. The α-chlorohydrin treated spermatozoa were suppressed not only vigorous movement but also acrosome reaction, and the results suggested that the present staining procedure for acrosomal status can be a useful indicator for predicting spermatozoal fertilizing capacity.
oocytes. The basic nature of this capacitation process remains poorly understood, but it is known that it includes major biochemical and biophysical changes in the membrane complex and energy metabolism of the spermatozoa [1] . It is also reported that capacitation is an essential process for fertilization in vitro [2] . Capacitation triggers hyperactivat ed mo tilit y, which enables the spermatozoa to penetrate the visco-elastic cumulus and zona pellucida [3] , and the acrosome reaction which is a prerequisite step to penetration of zona pellucida [4] .
Hyperactivated motility is a vigorous non-linear movement [5, 6] , and the pattern and vigor of the sperm track undergo dramatic changes, which are best characterized by movements in a random path, and result in a non-progressive circular movement. Objective measures of hyperactivated motility serve as biological end-points to evaluate the fertilizing capacity of spermatozoa. Nevertheless, the cha rac teristic s of this m ovem ent d iffer according to the species of mammal, and there are few reports on hyperactivated motility analyzed by CASA in rats. On the other hand, the acrosome reaction is also an important step during the fertilization process and is also necessary for penetration of the zona pellucida by the sperm. The timing of the acrosome reaction and the percentage of acrosome reacted sperm are very important factors in in vitro fertilization (IVF), and a screening procedure using the determination of the acrosome reaction can be a useful way to evaluate the fertilizing capacity of spermatozoa [7] . The chlortetracycline assay and the triple staining procedure are known as a way to assess the acrosomal status in some kinds of mammals [8] [9] [10] but liv e and dead sper m atozoa c an no t be distinguished by chlortetracycline assay, and assessment of acrosomal status is also difficult in the triple staining procedure in rats.
α-chlorohydrin has two specific actions on the reproductive tract of the male rat. These actions are dose dependent and can be classified as the lowdose effect and the high-dose effect [11, 12] . The low-dose effect is noted in mature sperm contained in the cauda epididymis and vas deferens without visible morphologic changes, and is known to inhibit the glycolytic pathway [13] [14] [15] . When the movement of spermatozoa from male rats treated with α-chlorohydrin was analyzed with a computer assisted sperm analysis (CASA) system, swimming velocity was reduced with or without a decrease in the percentage of motile sperm [16, 17] . The number of implantations was also decreased with suppressing their progressive motility [17] but the reason for causing fertility disorder is unclear.
This present study, therefore, was conducted to assess the effect of acrosomal status and sperm motility in predicting their fertilizing capacity. The motility of cauda epididymal spermatozoa treated with α-chlorohydrin under conditions that support IVF was examined as the changes in relation to time of incubation by CASA. The fertilizing capacity of spermatozoa was assessed by acrosome reaction with fluorescein isot hio cyanate conjugat ed concanavalin A lectin assay. The method of Holden et al. [18] used in human subjects was modified.
Materials and Methods

Animals
Spr ague-Da wley m ale ra ts (Crj:CD) w ere purchased from Charles River Japan, Inc. and m a i n t a i n ed i n a n a n i m al r o om w h e r e t h e temperature (22 ± 2 C), the relative humidity (55 ± 15%), and the light and dark cycle (12 h each) were controlled. A pellet diet (CRF-1, Oriental Yeast Co. Ltd., Tokyo, Japan) and tap water were given ad libitum.
Sperm collection and treatment
Fourteen sexually mature males (aged 18 to 20 weeks) were euthanized by exsanguination under ether anesthesia and the right cauda epididymis was removed. Six out of the 14 males were used for acrosome assessment and the remaining 8 males were used for sperm motion analysis. Each cauda epididymis was minced in modified Krebs-Ringer bicarbonate (m-KRB) medium which contained 0.5% bovine serum albumin at 37 C. An m-KRB medium has been shown to support rat IVF [19] . The m-KRB medium was filtered through a 0.22 µm filter and equilibrated with 5% CO2 in air at 37 C before use. This sperm suspension was diluted and used with the addition of 0 (control), 0.01, 0.1, or 1.0 m M α -c hl or o h yd rin (W ako Pur e C he m ic al Industries, Ltd., Osaka, Japan). The concentration of spermatozoa was adjusted to about 1 × 10 6 cells/ mL. Samples were incubated in a CO2 incubator (5% CO2 in air at 37 C) for 1, 3, and 5 h. This is because rat spermatozoa undergo capacitation at least 3 h of incubation, and 5 h of incubation is required in IVF for successful fertilization. After incubation, the spermatozoa were examined for their acrosomal status and motility.
Sperm motion analysis
One, 3, and 5 h after the start of incubation with α-chlorohydrin, the sperm sample was loaded into 100 µm deep cannulae (HTR 1099, VitroCom Inc., NJ, USA) and analyzed with a Hamilton-Thorne Sperm analyzer (HTM-IVOS: Hamilton-Thorne Research, MA, USA). Sperm motility was assessed with 9 parameters generated by HTM-IVOS, namely, percentage of motile sperm (% motile sperm), percentage of progressively motile sperm (% progressive sperm), average path velocity (VAP), straight line velocity (VSL), curvilinear v e loc i t y (V C L) , am p li t u de of l at er al h ea d displacement (ALH), beat cross frequency (BCF), straightness (STR), and linearity (LIN). Sperm motility characteristics of the control group and the treated groups were compared. The sperm motility pattern was classified as "progressive movement" characterized by a change in VAP and VSL and "vigorous movement" characterized by a change in VCL, ALH, and BCF.
Determination of acrosomal status
To discriminate between viable and dead spermatozoa, 4 mM calcein acetoxy methyl ester (CAM: Molecular Probes Inc., OR, USA) dissolved in di m eth yl s ulfo x id e and 2 m M et hid ium homodimer-1 (EthD-1: Molecular Probes Inc., OR, USA) dissolved in a mixture of dimethyl sulfoxide and distilled water were used in this study. CAM and EthD-1 staining solution were added to the diluted sperm suspension and incubated with α-chlorohydrin in a CO2 incubator (5% CO2 in air at 37 C). The final concentration of CAM and EthD-1 were 4 µmol/mL and 2 µmol/mL, respectively. Spermatozoa labeled with CAM and EthD-1 displaying green fluorescence on the midpiece w itho ut red fluor escence on the hea d w ere identified as live sperm, and those spermatozoa displaying red fluorescence on the head were identified as dead sperm. This procedure to discriminate the viable and dead spermatozoa in the rat was described by Kato et al. [20] .
The procedure for evaluating the acrosomal status of rat spermatozoa in this study was adapted from Holden et al. [18] in human spermatozoa. To examine the acrosomal status, 5 mg/mL fluorescein isothiocyanate-conjugated concanavalin A (FITCConA) lectin (Vector Laboratories Inc., CA, USA) dissolved in 0.08% sodium azide solution was used in this study. One, 3, and 5 h after the start of incubation with α-chlorohydrin and with CAM and EthD-1 staining solution, the sperm sample was washed with phosphate-buffered saline (PBS) 3 times and labeled with 20 µg FITC-ConA/mL in PBS for 30 min at room temperature. After vortex mixing, a drop of 4 µL labeled sperm sample was placed on a slide glass and covered with a cover slip. In each sample, the acrosomal status of 100 spermatozoa was examined by fluorescence microscopy (OLYMPUS BH2-RFL, OLYMPUS OPTICAL CO. LTD., Tokyo, Japan) set on the B excitation unit excited at between 460 and 490 nm wavelength and the O530 emission filter passed over 530 nm wavelength. Spermatozoa labeled with FITC-ConA were classified as "acrosome lost sperm" with bright green fluorescence on the acrosomal region of the head, and "acrosome intact sperm" with no fluorescence in the acrosomal region.
Statistical analysis
Data for the control group and the groups treated with α-chlorohydrin were statistically analyzed as follows. All data were tested by Bartlett's test [21] for homogeneity of variance. When the variance was homogeneous, the data were analyzed by Dun nett tes t [22] . W hen th e varianc e was heterogeneous, the data were analyzed by a Dunnett type test [22] . Probabilities less than 5% were considered statistically significant.
Results
Assessment of sperm motility
The results of the sperm motility analysis are shown in Table 1 . There were no significant changes in any of the HTM-IVOS parameters over 5 h of incubation in the 0.01 mM group. In the 0.1 mM group, there were no significant changes in any of t he HTM-IVO S para meter s at 1 h of i n c u b a t i o n . H o w e v e r , th e m o v e m e n t o f spermatozoa was altered from progressive motility to low vigorous motility at 3 and 5 h of incubation, because the mean values for VCL and BCF were significantly decreased in comparison to the control va lue. In the s perm a toz oa trea ted with α -chlorohydrin at 1.0 mM, low progression and low vigorous movement were indicated over 5 h of incubation. Because of this, significant decreases in t h e % p r o g r e s s i v e s p e r m , s p er m v el o c i t y parameters (VAP, VSL, and VCL), and BCF were noted until 5 h of incubation, and the mean ALH value was also reduced at 5 h of incubation. There were no significant changes in the % motile sperm in any of the α-chlorohydrin treated groups over 5 h of incubation. The suppression of sperm motility without a decrease in the % motile sperm was also observed in the previous studies in which a single dose of α-chlorohydrin was used at 15 or 20 mg/kg [17, 23] .
Assessment of acrosomal status
The status of acrosome labeled with FITC-Con A combined with CAM and EthD-1 was classified as follows. 1) Live acrosome lost sperm, which had bright green fluorescence on the acrosomal region without red fluorescence on the head (Fig. 1-A) . 2) Live acrosome intact sperm, which had no green fluorescence in the acrosomal region without red fluorescence on the head (Fig. 1-B) . 3) Dead acrosome lost sperm, which had bright green fluorescence in the acrosomal region with red fluorescence on the head (Fig. 1-C) . 4) Dead acrosome intact sperm, which had no green fluorescence in the acrosomal region with red fluorescence on the head (Fig. 1-D) .
The results of the acrosomal status are shown in Table 2 . The percentage of live acrosome lost sperm in the 0.01 mM group was similar to that in the control group at all times when examined and a time-related increase in the percentage of live acrosome lost sperm was noted in this group as well as in the control group. In the 0.1 and 1.0 mM groups, the percentage of live acrosome lost sperm was lower than that in the control group at all times when examined, and no time-related increase in the percentage of live acrosome lost sperm was seen in these groups over 5 h of incubation. There were no treatment-related changes in the percentage of dead acrosome lost sperm among the groups treated with α-chlorohydrin or in the control group. 
Discussion
P rev io us inv es ti gati on s repo r ted t hat α -chlorohydrin has direct effects on mature sperm [23 ] , in hi bi t s g ly ce ra ld eh yd e-3 -ph o s ph at e dehydrogenase, which forms part of the glycolytic pathway, and eventually causes spermatozoa to lose energy [13] [14] [15] . A (S)-α-chlorohydrin, a racemate of α-chlorohydrin, is metabolized by spermatozoa to (S)-3-chlorolactealdehyde by an enzyme that is involved in the oxidation of glycerol to glyceraldehyde [25] . It was also reported that (S)-3-c hlo ro lact eal dehyd e dir ect ly inhi bits glyceraldehyde-3-phosphate dehydrogenase and c a u s e s a r e d u c ti o n i n t h e m o v e m e n t o f spermatozoa [25] .
I n t h e p r e s e n t s t u d y , t h e m o v e m e n t o f spermatozoa treated with α-chlorohydrin at 0.01 mM was similar to that of control sperm over 5 h of i n c u b a t i o n . P r o g r e ss i v e m o ti l i t y o f t h e s p e r m a t o z o a tr e a t e d w i t h 0 . 1 m M of α -chlorohydrin was indicated at 1 h of incubation but the movement of these spermatozoa was changed to invigoration after 3 h of incubation. In the spermatozoa treated with α-chlorohydrin at 1.0 mM, low progression and low vigorous movement was noted over 5 h of incubation. Both progressive motility and hyperactivated motility, which showed low progression and high vigorous movement, are useful end-points to characterize the movement of spermatozoa, and are also important factors in successful fertilization. Specifically, progressive motility is necessary for the spermatozoa to reach the oviductal ampulla w h er e is t he s i t e of fer t i li zat i on , an d l ow progression and high vigorous movement are also necessary for spermatozoa to penetrate the viscoelastic cumulus and zona pellucida. These facts suggest that suppression of energy metabolism in the 0 .1 and 1.0 mM α -chloro hydrin treat ed spermatozoa might prevent their transformation of movement which is an essential step in successful fertilization.
FITC-Co nA assay to d et er mine acr os om e reactions has been used to evaluate the fertilizing capacity of human spermatozoa [7, 18] , but it has not been reported for rat spermatozoa. The FITCConA patterns of rat spermatozoa undergoing acrosome reaction were marked by the appearance of bright green fluorescence from the acrosomal region on the head and showed similarities to the patterns described in human spermatozoa. The anatomical structure in this dorsal location on the rat sperm head is the main acrosomal structure, and is where fluorescence appeared in what was considered to be acrosome lost spermatozoa. In the control rats in this study, the percentage of acrosome lost sperm (live acrosome lost sperm + dead acrosome lost sperm) was 31.0 ± 10.3% at 5 h of incubation, and this was close to the 30% of acrosome reacted spermatozoa in rats at 5 h of incubation in a chlortetracycline assay described by Hsu et al. [26] . The FITC-ConA labeling method in o u r r e p o r t a l s o a s s e s s e d t h e v i a b i l i t y o f spermatozoa by means of supravital staining with CAM and EthD-1. CAM and EthD-1 fluorescent labeling clearly distinguishes viable from dead spermatozoa [20] . This FITC-ConA labeling procedure combined with CAM and EthD-1 is therefore a useful method for accurate evaluation of acrosome reaction in rat spermatozoa without degenerative acrosome loss of dead sperm. In this study, a time-related increase in the percentage of live acrosome lost sperm was noted in both the c o nt ro l gr ou p and 0.01 m M α -chlorohydrin treated group but a low percentage and no time-related increase in the percentage of live acrosome lost sperm were observed both in the groups treated with α-chlorohydrin at 0.1 and 1.0 mM without an increase in the percentage of degenerative acrosome loss of dead sperm. In these groups with a low percentage of live acrosome lost sperm, the spermatozoa were assessed as having low progression and low vigorous movement, and the transformation to capacitation might be prevented as mentioned above. A reason for suppression of the acrosom e rea ction by α -chlorohydrin is thought to be impairment of the sperm's ability, capacitation, to generate energy. The acrosome reaction, which is an important step during fertilization, is the principal event that signals the completion of capacitation [27] , and detection of the acrosome reaction is regarded as a m a r k e r o f c a p a c i t a ti o n . H s u e t a l . [ 2 6 ] demonstrated that the percentage of acrosome reacted sperm was positively correlated with the capability of sperm to bind to oocytes and to penetrate zona-free oocytes. When sperm from rats were incubated with α-chlorohydrin in vitro at concentrations of 0.5, 1.0, or 1.5 mM, the fertilizing c a p a c i t y o f t h e t r e a t e d s p e r m s h ow e d a concentration-related reduction in the fertilization percentage in IVF [28] . They reported that the i n ab i l i t y o f s p e r m a t o zo a t r e a t e d w i t h α -chlorohydrin to undergo capacitation was the probable cause of poor fertilization. A reason for failure in fertilization in previous studies reported by Ban et al. [16] and by Kato et al. [17] can be surmised based on the results of this study. Specifically, severe suppression of sperm motility with a decrease in the % motile sperm results in a decrease in the number of spermatozoa reaching the oviductal ampulla, and may cause infertility. Nevertheless, slight suppression of sperm motility without a decrease in the % motile sperm prevents their vigorous movement and acrosome reaction to inhibit capacitation, and may cause impaired fertility. These facts suggest that evaluation of the acrosomal status provided by FITC-ConA lectin assay combined with CAM and EthD-1 can be a useful indicator for predicting spermatozoal fertilizing capacity.
